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Oncogenic Kit mutations are found in somatic gastrointestinal (Gl) 
stromal tumors (GISTs) and mastocytosis. A mouse model for the 
study of constitutive activation of Kit in oncogenesis has been 
produced by a knock-in strategy introducing a Kit exon 11-activat- 
ing mutation into the mouse genome based on a mutation found 
in a case of human familial GIST syndrome. Heterozygous mutant 
K/t V558A /+ mice develop symptoms of disease and eventually die 
from pathology in the Gl tract. Patchy hyperplasia of Kit-positive 
cells is evident within the myenteric plexus of the entire Gl tract. 
Neoplastic lesions indistinguishable from human GISTs were ob- 
served in the cecum of the mutant mice with high penetrance. In 
addition, mast cell numbers in the dorsal skin were increased. 
Therefore /C/f V558A /+ mice reproduce human familial GISTs, and 
they may be used as a model for the study of the role and 
mechanisms of Kit in neoplasia. Importantly, these results demon- 
strate that constitutive Kit signaling is critical and sufficient for 
induction of GIST and hyperplasia of interstitial cells of Cajal. 

Kit encodes a growth factor receptor with ligand-dependent 
tyrosine kinase activity (1-3). Kit ligand (KitL) is the only 
known ligand of the Kit receptor (4). KitL binding to the receptor 
mediates receptor dimerization, activation of kinase activity, and 
autophosphorylation. Subsequently, Kit activates several signaling 
cascades, leading to cell proliferation, cell survival, and other 
cellular responses. Kit and KitL are encoded at the White spotting 
(W) and Steel (SI) loci in the mouse, respectively (4-6). Mutations 
at the murine Wand SI loci generate deficiencies in several major 
cell systems during embryogenesis and in the postnatal animal: in 
hematopoiesis, melanogenesis, gametogenesis, and intestinal pace- 
maker cells. In hematopoiesis Kit receptor signaling is critical in the 
stem cell hierarchy, erythropoiesis, mast cell development and 
function, megakaryopoiesis, and lymphopoiesis (7-10). Interstitial 
cells of Cajal (ICC) function as pacemaker cells in the gastrointes- 
tinal (Gl) tract and they mediate inputs from the enteric nervous 
system to smooth muscle cells. ICC express the Kit receptor 
tyrosine kinase and inhibition of Kit function interferes with the 
autonomous movement of the Gl tract (11-13). 

Gl stromal tumor (GIST) is the most common mesenchymal 
neoplasm of the human intestinal tract. GISTs are a heterogeneous 
group of tumors, which historically had been classified either as 
leiomyoma, leiomyosarcoma, or Gl autonomic nerve tumors (14). 
GISTs express Kit and they are thought to derive from a Kit + or 
Kit low ICC progenitor or ICC through somatic mutation, based on 
immunophenotypic and ultrastructural similarities (15). 

Originally, we had identified Kit as the oncogene of an acute 
transforming feline retrovirus, the HZ4-FeSV (1). However, a role 
for Kit in human neoplasia has been emerging only more recently. 
First, human and murine mast cell lines were found to carry 
A7/-activating mutations in the activation loop of the kinase and 
subsequently the same mutation was found in human mastocytosis/ 
mast cell leukemia (16, 17) and germ cell tumors (18). Finally, 
analysis of GISTs revealed that these tumors express Kit and that 
a substantial number of them contain A/f-activating mutations (15, 
19). Whereas most of the ^-activating mutations in GIST are 
associated with exon 11, others are associated with exons 9, 13, and 



17 (20). Importantly, in vitro characterization of several mutations 
found in mastocytosis and GISTs by using expression of mutant Kit 
cDNA in culture confirmed the constitutive activity of the mutant 
receptors in model cell systems (15, 21). A transgenic mouse model 
for the study of a role of Kit in oncogenesis in which a mutant Kit 
receptor was expressed by a heterologous promoter has been 
reported (22). But only acute lymphocytic leukemia and lympho- 
mas were observed and no malignancies known to be associated 
with Kit activation were found. 

Cases of human familial GIST syndrome with associated ICC 
. hyperplasia (HP), hyperpigmentation, and/or urticaria pigmen- 
tosa, with germ-line Kit mutations, have been reported (23, 24). 
The finding that /^//-activating mutations may be inherited 
implied that it might be possible to develop a mouse carrying an 
inherited Kit gain-of-function mutation as a model for the study 
of a role for Kit in oncogenesis. 

Materials and Methods 

Generation of Heterozygous Mutant K/t V558A /+ Mice. Site-directed 
mutagenesis was performed on a 2.4-kb Spel-Kpnl genomic Kit 
fragment including exons 10-13, deleting Val-558 in exon 11. The 
mutant Kit genomic fragment was inserted into a fragment includ- 
ing Kit exons 8-13. A neomycin resistance gene expression cassette 
flanked by loxP sites was inserted into a SnaBl site in intron 9. For 
negative selection a diphtheria toxin A gene cassette provided by 
Frank Costantini (Columbia University, New York) was placed at 
the 3' end of the targeting construct. 129/SvJ embryonic stem (ES) 
cells (GSI-1 P/O, Genome Systems, St. Louis) were electroporated 
with linearized targeting construct following standard protocols. 
Neomycin-resistant ES cell clones were isolated and analyzed for 
homologous recombination. First, ES cell clones were screened by 
a PCR strategy (primer-set A/B) in which a 5-kb fragment includ- 
ing the neo cassette and exon 14 outside the targeting region was 
amplified. Correctly targeted ES cell clones then were verified by 
Southern blot analysis and the presence of the Aj7 V558A was con- 
firmed by sequence analysis. Correctly targeted ES cell clones were 
microinjected into C57BL/6J blastocysts and male mice displaying 
85-100% chimerism were backcrossed to C57BL/6J females for 
germ-line transmission. 

The floxed neo cassette was excised in vivo by mating het- 
erozygous mutant males with Ella-cre transgenic females (25). 
Ella-cre transgenic mice on a C57BL/6J background (N10) were 
kindly provided by Monica Bessler (Washington University 
Medical School, St. Louis). Excision of the neo cassette was 
monitored by using DNA digested with BamBl and Southern 
blot analysis using Kit- and Neo-specific probes. In addition, the 
residual lox site and adjacent multiple cloning sites were iden- 
tified by PCR (lox-PCR: primer-set C/D). Primers were: A, 
5'-A AGA ACTCGTCA AGAAGGCGATAGAAGGCG-3 B, 
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5 ' -CTCCGTTG AGTGCAG A AG GTTC-3 ' ; C, 5'-ACGATGT- 
GGGCAAGAGTT-3'; and D, 5 '-GATACTGTTA ACATTTC- 
GATACAGATGTTTAGC-3' . 

Mast Cell Cultures. Bone marrow-derived mast cells (BMMCs) 
from Kfr v558A /+ and control mice were derived and cultured as 
published (26). Kit cell surface expression was monitored by 
using anti-mouse Kit antibody (StemCell Technologies, Van- 
couver) and fluorescence-activated cell sorter analysis. Before 
stimulation, BMMCs were washed free of growth factor and 
cultured in serum-free medium (Stemspan SF Expansion Me- 
dium, Stemcell Technologies) for 6 h. 

Cell Proliferation and Apoptosis. Proliferation assays were per- 
formed essentially as described (27). Briefly, 10 5 starved BM- 
MCs were seeded at 0.2 ml per well in triplicate in 96-well plates, 
followed by stimulation with KitL (PeProtech, Boston) as indi- 
cated or with IL-3 (20 ng/ml) (Sigma) for 24 h. After 20 h, 0.5 
ptCi of [ 3 H]thymidine was added for 4 h. Cells were harvested on 
glass fiber filters and ^-emission was determined. For apoptosis 
assays, cells were stimulated with IL-3 (20 ng ml) for 12 h. They 
then were*plated at 10 6 cells per 2 ml per well in six-well plates, 
starved for 1 h, and stimulated with KitL (100 ng/ml), IL-3 (20 
ng/ml), or deprived for 50 h. Cells were harvested and analyzed 
by flow cytometry using the Annexin V-FITC detection Kit I 
(PharMingen). 

Immunoprecipitation and Western Blotting. Starved BMMCs were 
stimulated with KitL (100 ng/ml) or not for 5 min at 37°C. Cells 
were lysed in Nonidet P-40 lysis buffer containing 50 mM 
Tris*HCl (pH 8.0), 150 mM NaCl, 5 mM EDTA, 1% Nonidet 
P-40, 2 mM Na 3 V0 4 , 1 mM PMSF, 10 mM NaF, and 20 fi\/m\ 
proteinase inhibitor mixture (Sigma). Cleared lysates were pre- 
cipitated overnight with a goat anti-Kit antibody (Santa Cruz 
Biotechnology) and fractionated by SDS/PAGE. For Western 
blotting, rabbit anti-Kit (Oncogene Science), rabbit anti-Tyr(P), 
and mouse anti-Tyr(P) 20 and 99 (Santa Cruz Biotechnology) 
were used. For preparation of tumor lysate, 1 g of snap-frozen 
tumor specimen was ground to powder in liquid nitrogen, 
resuspended in 5 ml of Nonidet P-40 lysis buffer, Dounce- 
homogenized 20 times, and incubated on ice for 30 min. Cleared 
lysate was subjected to immunoprecipitation, SDS/PAGE, and 
Western blotting as described for mast cells. 

Histological Analysis and Immunohistochemistry. Paraffin sections 
(8 txm) from 4% paraformaldehyde-fixed tissues were stained or 
used for immunohistochemistry. For immunohistochemical de- 
tection the MOM kit (Vector Laboratories) was used. Anti- t 
Ki-67 antibody (NCL-Ki-67-MMl) from Vector Laboratories 
was used at 0.4 /xg/ml. For BrdUrd labeling, mice were injected 
i.p. with BrdUrd (Sigma, 50 /ig/g of body weight) and after 3 h 
the injection was repeated and mice were killed 12 h later. 
Anti-BrdUrd antibody (BMC9318) from Roche Diagnostics was 
used at 6 ptg/ml. Polyclonal rabbit anti-Kit antibody (DAKO) 
was used at 1:500. Synaptophysin staining was done according to 
the manufacturer's instructions (BioGenex, San Ramon, CA). 

Determination of Mast Cell Numbers and Peripheral Blood Parame- 
ters. Skin mast cell numbers were determined as described (28). 
Mast cells per 0.5 mm 2 skin between the epidermis and the 
panniculus were counted in several independent sections and 
averaged. Peripheral blood parameters were analyzed as de- 
scribed (28). 

Electron Microscopy. For ultrastructural studies tissue was fixed in 
2% glutaraldehyde, postfixed in 1% osmium tetroxide, and 
embedded in epoxy resin by using standard procedures. Sections 
were examined with a Philips EM410 electron microscope. 



Results 

A Single Point Mutation in the Juxtamembrane Domain of the Kit 
Receptor Gene, Kit V558 \ Obtained by Gene Targeting. To gain insight 
into the role of /ftY-activating mutations in oncogenesis in vivo in 
mice we introduced an amino acid deletion mutation, Kit W5SS * t 
into the murine Kit gene by using knock-in gene targeting 
technology. The V558 deletion mutation (human V559) in the 
juxtamembrane domain of the Kit receptor had been identified 
in a human familial GIST case (23) and in vitro studies had shown 
that this mutation results in constitutive activation of the Kit 
receptor tyrosine kinase. Furthermore, Val-559 substitution 
mutations (mouse V558) constitute a major subset (11%) of 
somatic mutations found in GIST (C.R.A., unpublished work). 
The juxtamembrane domain of human and mouse Kit are 
conserved completely and it seemed reasonable to assume that 
the V558 deletion mutation would produce the same functional 
consequences in mice and humans. To introduce the V558 
deletion mutation into the Kit gene in ES cells a targeting 
construct was made that contained the valine deletion mutation 
in Kit exon 11 and a neomycine resistance (neo) cassette flanked 
by loxP sites for subsequent removal in vivo of the neo cassette 
inserted into intron 9 (Fig. 6, which is published as supporting 
information on the PNAS web site, www.pnas.org). Homologous 
replacement in ES cells produced three correctly targeted ES cell 
clones identified by PCR, Southern blot, and sequencing anal- 
ysis. These ES cell clones were microinjected into C57BL/6J 
blastocysts, and chimeras were produced that gave rise to 
germ-line transmission. 

We have previously noticed that inclusion of a neo cassette in 
intron ic Kit sequences interferes with the expression of the Kit 
gene (29). Therefore we removed the neo cassette by cre- 
mediated excision in vivo as described (29). The presence of the 
jfc*fV558A mutation was confirmed by DNA sequencing. Both 
heterozygous #i/ v558A / + male and female mice were fertile, but 
with increasing age, fertility was impaired. 

Myenteric Plexus (Myp) HP and GISTs in the Gl Tract of Heterozygous 
K/t V558A /+ Mice. Starting at 4 weeks of age heterozygous mutant 
Kit y558ik /+ mice developed symptoms of disease and eventually 
died from pathology in the GI tract. A gross examination of the 
entire GI tract of mutant and WT mice showed variable disten- 
sion of the distal ileum (mega-ileum) ending at the level of the 
cecum in 12/14 mutants (Fig. 14). The remaining small intes- 
tine, stomach, colon, and anus had normal appearance. In 9/14 
mutants the cecum was enlarged and distended and contained 
clear fluid or pus-like contents. In all mutants a firm white 
nodular mass varying in size from 1 mm to 2 cm was found in the 
cecum. None of the control mice showed GI tract pathology. 
Furthermore, in 7/14 mutants a well-defined, black-pigmented 
area was identified at the gastroesophageal junction. Survival of 
mutant /G7 V558A /+ "mice was ~50% at 9 months (Fig. LB). 
Moreover, all animals we have killed independent of fatal 
disease had GI pathology. Therefore, the penetrance of GI 
disease in X/7 V558A /+ mice approaches 100%. 

Tissues from six mutant and three WT mice processed for 
microscopic examination representative sections from the 
esophagus, small intestine, cecum, and large intestine were 
examined histologically (Table 1, which is published as support- 
ing information on the PNAS web site). In five of six mutants 
patchy thickening/HP of the esophageal MyP was identified. All 
six mutants showed similar MyP HP of the stomach (Fig. 2 C and 
D) and in three cases the proximal duodenum was involved as 
well. No MyP HP was detected in the normal looking distal 
duodenum, jejunum, and distended ileum (mega-ileum) (Fig. 
2A). In the cecum invariably patchy MyP HP was observed. 
Examination of the dilated cecum showed atrophy of the normal 
colonic folds, lumen distension, and in one case abscess forma- 
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Fig. 1. (A) Photograph showing the intestinal tract of K/t V558 7+ and WT mice. Nodular tumor mass in cecum of mutant mouse is indicated by arrow. Arrows 
indicate mega-iteum and pigmented distal esophagus at the gastroesophageal junction. (B) Survival plot of K/t V558A / + mice. 



tion associated with acute serositis (Fig. IB). Patchy MyP HP 
within the large intestine was evident in all samples (Fig. 2E-G). 
The hyperplastic MyP showed strong and diffuse staining with 
Kit antibody, suggesting that the main cellular component of the 
hyperplastic plexus is represented by ICC (Figs. 2G and 3C). 
Sections from the dark portion of the distal esophagus, observed 
in five of six mutants (Table 1), showed the presence of pig- 
mented cells specifically within the MyP (Fig. 7 A and B, which 
is published as supporting information on the PNAS web site). 
Fontana-Masson stain confirmed the presence of melanin 
pigment. 

The neoplastic lesions detected in the cecum were character- 
ized by uniform spindle cell morphology and involved the 
muscularis propria and submucosa of the intestinal wall (Table 
1, Fig. 3 A-D). Kit immunohistochemistry showed strong and 
diffuse reactivity of the spindle cells (Fig. 3 C and D), and 
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Fig. 2. Histological analysis of Gl tract of K/t V558i /+ mutant mice. Paraffin 
sections obtained from mutant {A-C, E, and G) and WT (D and F) Gl tract 
were stained with hematoxylin/eosin. (A) Uninvolved small intestine, nor- 
mal-appearing MyP is indicated by an arrow. (B) Focal abscess in cecum is 
shown, indicated by an asterisk. (O MyP HP in stomach is shown, hyper- 
plastic lesion is indicated by an arrow. (D) Normal MyP in stomach is 
indicated by an arrow. (E and F) Hyperplastic and normal MyP in mutant 
and WT colon are shown. (G) Anti-Kit staining of MyP HP in colon. (Mag- 
nifications: X100, A-Q; X200, Insets) 



synaptophysin immunohistochemistry outlined perikarya and 
neurites of the enteric neurons, extending between tumor cells 
(Fig. 3E). The morphologic appearance and the strong Kit 
immunoreactivity of the lesions support the diagnosis of GIST. 
The proliferative characteristics of the neoplastic cells were 
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Fig. 3. Histological and immunohistochemical analysis of GISTs in K7r V558A /+ 
mutant mice and human familial GISTs. Paraffin sections were stained with 
hematoxylin/eosin {A and fi), anti-Kit antibody (Cand 0), or antisynaptophy- 
sin antibody (£). (F) Hematoxylin/eosin staining of paraffin sections including 
GIST lesion and adjacent MyP HP. (G) Hematoxylin/eosin staining of MyP HP. 
(W) Hematoxylin/eosin staining of GIST, (f) Anti-Kit staining. Black arrow 
indicates GIST lesion and white arrows indicate MyP HP. (Magnifications: x40, 
A and F; x20, C; x100, B, E, and /; x200, D, G, and H.) 
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Fig. 4. Electron micrographic analysis of MyP HP and GIST. (A) Thickened 
MyP in cecum, showing large ganglion cell (GLC) and numerous small undif- 
ferentiated spindle cells with narrow branching cell processes (ICO are indi- 
cated by arrow; cells have scant cytoplasm with dense mitochondria and 
subplasmalemmai vacuoles. SMC smooth muscle cell. (B) GIST. Discohesive 
plump spindle cells with round- to oval-shaped uniform nuclei and moderate 
amount of cytoplasm separated by a loose stroma; cells have short "microvilli- 
like" cell processes, numerous dense mitochondria, and prominent Golgi 
apparati. (Magnification: x4,960.) 

studied by using Ki67 staining and BrdUrd labeling. The pro- 
liferation index like in human tumors is heterogenous, varying 
from 5% to 10% in most areas and up to 20% in focal areas (not 
shown). 

For comparison, histological sections of neoplastic and hyper- 
plastic lesions of a human patient with familial GIST, resulting 
from a missense mutation, KU-W557R (G.S., unpublished 
work), are shown (Fig. 3 F-T). Morphologically, the appearance 
of GIST in a background of patchy MyP HP and the Kit staining 
pattern in the human familial GIST patient are indistinguishable 
from that of the disease observed in iftf V558A /+ mice. 

Tissue from one mutant mouse was processed for electron 
microscopy. Ultrastructurally, the MyP HP was found to be 
composed of numerous, small, undifferentiated spindle cells 
with short, branching filopodia-like cell processes (Fig. 44), 
consistent with ICC HP. The ICC showed scant cytoplasm, with 
small clusters of dense mitochondria and subplasmalemmai 
vacuoles. Rare ganglion cells were identified and intermixed, and 
the number of axonal processes was significantly reduced, be- 
cause of replacement by ICC. Ultrastructurally, the GIST was 
composed of oval to slightly spindle-shaped cells, with a mod- 
erate amount of cytoplasm (Fig. 4B). The cytoplasm was rich in 
dense mitochondria and prominent Golgi apparati and lacked 
organelles characteristic of lineage differentiation. Furthermore, 
the cells displayed short microvilli-like cell processes and no 
obvious basal lamina was noted. However, rare rudimentary cell 
junctions were present. 

The pigmented area of the esophageal MyP included large, 
ovoid cells with abundant cytoplasm filled with numerous stage 
IV melanosomes (not shown) and they were surrounded by a 
discontinuous linear basal lamina (Fig. 7 D and E). The pig- 
mented cells were seen intermixed with other cell components of 
the MyP, such as Schwann cells, axonal processes, and ICC. 




Fig. 5. Characteristics of mast cells in the skin of /C/t V558A /+ mice and 
proliferation and cell survival characteristics of BMMCs isolated from 
K/ r vs58A/ + m ice. (A) Paraffin-embedded sections of dorsal skin were stained 
with toluidine blue and mast cells were counted (mast cells per mm 2 ). (8) 
Histological section showing increased numbers of skin mast cells. Arrows 
show granules released into the interstitial space. (Q Deprivation-induced 
apoptosis. K/t V558 V+ and WT BMMCs were incubated in serum-free medium 
(SFM) and in SFM containing Kitl (100 ng/ml) or IL-3 (20 ng/ml) for 50 h. 
Percentage of apoptosis was determined by Annexin V staining and fluores- 
cence-activated cell sorter analysis. Experiments were done in triplicate. Sim- FSl^S 
ilar results were obtained in three independent experiments. (D) Phosphory- |i"!^S; 
lation of Kit receptors in K/t V5S8 V+ and WT BMMCs in the absence and lp^8 
presence of KitL Starved cells were treated with and without KitL (100 ng/ml) IslB 
for 5 min at 37°C. Cell lysates were immunoprecipitated with anti-Kit anti- I^^S 1 
body, blotted with antiphosphotyrosine antibody (Upper), and stripped and | : ^5'j|J|B 
reprobed with anti-Kit antibody (Lower), (f) Proliferation of /C/t VS58A /+ and h' ; sfl|§ 
WT BMMCs. Cells were stimulated with KitL (as indicated), IL-3, or medium ^---^ 
alone for 20 h, [ 3 H]thymidine (2.5 /iCi/ml) was then added for 4 h. Data are 
expressed as means i standard error of triplicate samples, (f) Phosphorylation 
of Kit receptor in tumor lysate. Kit proteins in tumor lysates (from different 
animals: GIST nos. 1, 2, and 3) were immunoprecipitated and fractionated by 
SDS/PAGE. Membranes were blotted with antiphosphotyrosine antibody (Up- 
per) and anti-Kit antibody (Lower). Samples from WT BMMCs stimulated with 
KitL and unstimulated are shown for comparison. 

Increased Numbers of Tissue Mast Cells and Peritoneal Mast Cells in 
Heterozygous K/t V558A /+ Mutant Mice. KitL and Kit have multiple 
roles in hematopoiesis including the stem cell compartment, 
erythropoiesis, and mast cells (9, 10). Interestingly, hematocrit 
values and red blood cell, white blood cell, granulocyte, and 
platelet numbers in heterozygous mutant mice did not deviate 
from normal (not shown). This finding is in agreement with the 
observation that patients with familial GISTs appear to have 
normal values for steady-state hematopoiesis. 

In contrast to the unchanged hematopoietic parameters, num- 
bers of tissue mast cells in the dorsal skin and the peritoneum in 
Kit V558 */+ mice appeared to be increased 4-fold (P = 0.012) 
(Fig. 5A). In addition, examination of sections of dorsal skin 
showed extracellular granules in the vicinity of mast cells, 
implying that mast cell degranulation occurs quite readily 
(Fig. 55). 

Survival and Proliferation Characteristics of Mutant K/t V558A /+ 
BMMCs. KitL induces survival and proliferation of BMMCs (27). 
It seemed reasonable that BMMCs obtained from Kit V558A /+ 
mice exhibit different requirements for KitL for cell survival and 
cell proliferation. Surprisingly, young mutant BMMCs had a 
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reduced requirement for the survival response of KitL, but in 
contrast they had an unchanged requirement for KitL to pro- 
mote cell cycle progression (Fig. 5 C and E). Furthermore, 
analysis of the phosphorylation status of the Kit receptor in the 
unstimulated mutant BMMCs was indistinguishable from that in 
WT BMMCs (Fig. 5D). Interestingly, upon extended culture 
mutant mast cells (3 months and older), but not WT controls, 
became factor independent for both the proliferative and sur- 
vival response and the Kit receptor was autophosphorylated 
(I.E., unpublished observation). 

We next analyzed the phosphorylation status of the Kit 
protein in GIST lysates. In agreement with the expectation that 
in /ftr V558A /+ mice the Kit receptor is constitutively active, we 
found that the Kit receptor is autophosphorylated in all tumor 
samples (Fig. 5F). 

Discussion 

Activating mutations in the Kit receptor tyrosine kinase are 
associated with neoplasms and HPs in humans and dogs (15, 17, 
30). Whereas GISTs and canine mastocytoma most often harbor 
mutations in the juxtamembrane domain of the Kit receptor, the 
mutations in human mastocytosis predominantly involve the 
activation loop of the Kit kinase (17, 31). In GIST there is a high 
association with Kit-activating mutations, suggesting that the 
activated Kit receptor has a critical role in tumor development 
(20). In agreement with this notion familial cases of GIST have 
been reported with ^-activating mutations in the germ line 
(23). We have introduced a mutation, /Gr V558A / + , found in a case 
of human familial GIST syndrome into the mouse germ line to 
produce a mouse model for GIST and Kit mutation-associated 
hematopoietic diseases. Significantly, Kit V558A /+ mice repro- 
duce the human conditions associated with this mutation con- 
sisting of MyP HP, GIST, and mastocytosis. No metastasis was 
noticed, neither to the liver nor the abdominal cavity, as seen in 
advanced somatic human GIST. The penetrance of the GI 
phenotype in Kit V55SA / + mice is remarkable. These observations 
strongly suggest that constitutive Kit signaling is critical and 
sufficient for induction of HP and neoplasia in these mice. 

GIST is thought to derive from ICC. ICC localize to the MyP 
(ICC-MY) and to within the muscle layers (ICC-IM) throughout 
the intestinal tract, from the distal esophagus to the rectum (32). 
However, HP in the mutant animals was patchy and apparent 
only within the MyP, and neoplastic lesions of GISTs were found 
predominantly in the MyP of the cecum. ICC-MY have a dual 
role in promoting slow wave activity and creating peristalsis and 
in neurotransmission. In contrast, ICC-IM and deep muscular 
plexus-ICC mostly have a role in neurotransmission (32). There- 
fore, the site and differing functional properties may contribute 
to the oncogenic potential of the different ICC subpopulations. 
The anatomy of the cecum in humans and the mouse differ 
considerably in that the mouse cecum is longer. Thus the 
involvement of the mouse cecum as a primary site of pathology 
as opposed to the stomach or small intestine in human sporadic 
GISTs might result from different anatomical features of the 
cecum in mice and humans. The patchy appearance of hyper- 
plastic and neoplastic lesions may suggest either that mutant Kit 
receptor signaling is limiting to initiate oncogenesis or that 
additional events are required for initiation of HP and onco- 
genesis. Recent cytogenetic characterization of human sporadic 
GISTs suggests a series of changes that may be characteristic for 
GIST progression (33). Cytogenetic profiling of the mouse 
tumors may help identify critical steps in GIST development. 
The histological and ultrastructural characteristics of the ICC 
HP and the GIST lesions mirror those of the human disease. 
Comparable with human GISTs, Kit expression within the tumor 
and hyperplastic changes was diffuse and strong. Ultrastructur- 
ally, the tumor cells lacked obvious differentiation toward any 
specific lineage, such as smooth muscle or neuronal. The undif- 



ferentiated appearance of the cells with branching cell processes 
and dense mitochondria were reminiscent electron microscop- 
ically of ICC. 

During embryonic development a mesenchymal progenitor 
gives rise to both longitudinal smooth muscle cells and ICC-MY 
(34, 35). The Kit receptor is expressed in the progenitors and 
subsequently in ICC (35-37). It has been proposed that the 
decision of whether an ICC or a smooth muscle cell fate is 
followed depends on Kit receptor signaling. If this were true then 
one might predict that smooth muscle cell differentiation be 
diminished in mutant mice because of constitutive Kit receptor 
signaling. However, the longitudinal smooth muscle layer in the 
mutant mice did not differ from normal controls. This, on one 
hand, may mean that this hypothesis is not valid; on the other 
hand, it may be that the signal from the Kit VS58A receptor is too 
weak to affect the cell fate decision. 

The distended ileum and cecum in the mutant mice in part 
could be caused by partial blockage of the GI tract; alternatively, 
the mutant Kit receptor may affect the formation of functional 
ICC networks, and consequently this may affect slow wave 
activity and/or the neurotransmission function and give rise to 
mega-ileum. Therefore, it will be of interest to characterize the 
ICC networks in more detail, the functional characteristics of 
ICC, and slow wave activity and neurotransmission in the mutant 
mice. 

Neural crest cells after onset of migration have increasingly 
restricted potential for cell proliferation and differentiation (38). 
However, there is evidence for plasticity of differentiated cell 
fates of neural crest derived cell populations. Whereas a bi- 
potential progenitor gives rise to both melanocytes and Schwann 
cells, in peripheral nerve cell cultures in vitro- differentiated 
Schwann cells may transdifferentiate into melanocytes (39). We 
presume that the melanogenic cells in the thickened MyP of the 
distal esophagus in mutant mice are derived from Schwann 
cells. It is possible that a combination of environmental cues 
and an activated Kit receptor in Schwann cells promote this 
transdifferentiation. 

The Kit receptor is critically involved in the development and 
the proliferation and survival of mast cells (4, 40). Furthermore, 
Kit promotes mediator release and enhances IgE-dependent 
mast cell activation. Thus, repeated s.c. administration of KitL 
to normal mice increases mast cell numbers at various ana- 
tomical sites and induces mast cell activation and associated 
inflammatory responses (41, 42). Human mastocytosis includ- 
ing urticaria pigmentosa are known to be associated with Kit 
receptor-activating mutations (17, 31). Increased mast cell num- 
bers at various sites including the skin, bone marrow, and spleen 
typically characterizes this disease. Although activating muta- 
tions in human mastocytosis are predominantly confined to the 
activation loop of the kinase, juxtamembrane domain mutations 
have been noticed as well (17, 43). In agreement with this, 
familial GIST cases with a juxtamembrane domain mutation 
have been reported to have associated mastocytosis and/or 
urticaria pigmentosa. The finding of increased numbers of skin 
mast cells in the mutant mice is therefore significant, again 
reflecting the human disease. Interestingly, histological analysis 
of dorsal skin revealed that tissue mast cells appear to have 
released granules into the dermis, presumably reflecting mast 
cell activation. 

In vitro characterization of the Kit y55B * mutation in BaF/3 
cells indicated that the Kit VS58A mutation promoted cell prolif- 
eration and thus abolished the growth factor dependence of the 
BaF/3 cells (23). Our results from the in vitro analysis of mutant 
^vs58A/_j_ bmmCs appeared to be more complex. Young 
BMMC cultures were refractory to growth factor deprivation- 
induced apoptosis. However, these cultures did not promote cell 
cycle progression. It was only after prolonged culture (3 months) 
that the mutant BMMCs acquired complete independence for 
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KitL-induced survival and cell cycle progression. Alternative 
splicing produces two variant Kit proteins, differing by 4 aa in the 
extracellular domain of the receptor (44). Evidence is accumu- 
lating to indicate that the short Kit protein product is more active 
than the long Kit protein. Therefore, it may be possible that the 
Kit-long variant is expressed predominantly in the young mutant 
BMMC and that the older cultures express the Kit-short variant, 
which may explain the progression from partial to complete 
growth factor independence of these cultures. 

Kit has a critical role in hematopoietic stem cells and the 
progenitor compartments of all hematopoietic cell lineages. 
Therefore, one might have expected that the J67 V558A mutation 
would affect several aspects of hematopoiesis and possibly 
lymphopoiesis (10, 45). However, lineage negative hematopoi- 
etic stem cell subsets as well as T-cell progenitor subsets were 
normal and steady-state hematopoietic parameters were not 
affected by the mutation. In agreement with this observation, 
lymphoid and myeloid cells in a patient with systemic mastocy- 
tosis were found to carry the mutant^*/ gene, suggesting that the 
mutation was contained in a self-renewing stem cell subset with 
lymphoid, myeloid, and mast cell potential and indicating that 
the Kit mutation may not directly affect lymphoid and myeloid 
maturation (46). 
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Targeted drug therapy in the treatment of malignancies has 
recently had its first clinical breakthrough successes. The ty- 
rosine kinase inhibitor STT571 (Gleevec, Novartis), an inhibitor 
of the ABL, PDGFR, and Kit kinases, is successfully used to 
treat patients with chronic myelogenous leukemia (47). In 
addition, STI571 is being used to treat patients with GISTs, a 
disease with no prior treatment options (48). These results 
highlight the critical role for both bcr-abl and a constitutively 
active Kit receptor in the etiology of the two diseases. The 
Ai7 V558A /+ mouse model should provide a useful tool to 
investigate the consequences of drug treatment on tumor 
development. 
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